Research in contextEvidence before this studyOrthotopic liver transplantation (OLT) and artificial liver therapies are presented as the two main treatments for acute liver failure (ALF) in clinical. However, the shortage of available donor livers and multiple postoperative complications limit the widespread clinical application of OLT and the efficacy of artificial liver therapy is relatively limited. Recently, mesenchymal stem cell (MSC) transplantation has emerged as a promising strategy for treating liver diseases including ALF through tissue repair and immune regulation. While, more and more studies have shown that MSC-secreted exosomes may contribute to the therapeutic potency of MSCs by mediating cell-cell micro-communication and transporting paracrine factors during angiogenesis, tissue regeneration, and immune regulation. MSC-derived exosomes have yielded beneficial effects in several experimental models of organ injury. Recently, the therapeutic effects of exosomes from bone marrow-, chorionic plate-, umbilical cord-, or induced pluripotent stem cell-derived MSCs have been reported in a variety of animal models of liver disease, including concanavalin A or acetaminophen-induced acute liver injury, CCl~4~-induced liver fibrosis, liver antigen S100-induced autoimmune hepatitis, or I/R-induced hepatic injury. Our previous studies also showed that the exosomes produced by miR-122-modified AMSCs can alleviate liver fibrosis and enhance hepatocellular carcinoma chemosensitivity *via* exosome-mediated miR-122 delivery. Thus, administration of MSC-derived exosomes may represent as an ideal cell-free therapy for liver diseases.NLRP3 inflammasome activation has been determined in human and experimental ALF and has been identified as a major contributor to hepatocyte damage and immune cell activation and amplification in fulminant hepatitis. Several studies have shown that MSCs can attenuate collagen-induced arthritis, coxsackievirus B3-induced myocarditis, or ischemia/reperfusion (I/R)-induced renal injury by inhibiting NLRP3 inflammasome activation. However, whether AMSC-Exo-based therapy can ameliorate ALF and modulate NLRP3 inflammasome is unclear.Added value of this studyIn this study, we isolated exosomes from adipose tissue-derived MSCs (AMSCs) and found that AMSC-Exo administration could significantly ameliorate LPS/GalN-induced fulminant hepatitis. In addition, AMSC-Exo were found to be colocalized with hepatic macrophages and could reduce inflammatory factor secretion and inflammasome activation in macrophages. Further mechanism study revealed that AMSC-Exo contain high level of miR-17 and suppress NLRP3 inflammasome activation by miR-17-mediated TXNIP inhibition. This study demonstrates that exosome-shuttled miR-17 plays an essential role in AMSC-Exo therapy for ALF by targeting TXNIP and modulating inflammasome activation in hepatic macrophages.Implications of all the available evidenceThis study provides novel insights into MSC-Exo-based therapy and its potential mechanism. Administration of AMSC-Exo may present as a novel therapeutic strategy for preventing fulminant hepatitis, as well as other TXNIP/NLRP3 inflammasome-related inflammatory liver diseases.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Acute liver failure (ALF) is a clinical manifestation of sudden and severe hepatic injury caused by viruses, drugs, toxins, or alcohol. It leads to hepatic encephalopathy, hepatorenal syndrome, severe infection, and multiple organ failure and is associated with high mortality rate \[[@bb0005]\]. Orthotopic liver transplantation (OLT) and artificial liver therapies are presented as the two main treatments for ALF in clinical. However, the shortage of available donor livers and multiple postoperative complications limit the widespread clinical application of OLT and the efficacy of artificial liver therapy is relatively limited. Recently, mesenchymal stem cell (MSC) transplantation has emerged as a promising strategy for treating liver diseases including ALF through tissue repair and immune regulation \[[@bb0010]\]. An increasing number of studies have shown that the mechanism of MSC repaired tissue injury is related to paracrine action rather than direct transdifferentiation. MSC-secreted exosomes may contribute to the therapeutic potency of MSCs by mediating cell-cell micro-communication and transporting paracrine factors during angiogenesis, tissue regeneration, and immune regulation \[[@bb0015],[@bb0020]\]. Our previous study showed that exosomes can mediate the therapeutic effect of miR-122-modified adipose tissue-derived MSCs (AMSCs) in liver fibrosis by delivering miR-122 into hepatic stellate cells, suggesting that the administration of AMSC-derived exosomes (AMSC-Exo) can serve as a novel therapeutic modality for liver disease \[[@bb0025]\].

The nucleotide-binding and oligomerization domain-like receptor 3 (NLRP3) inflammasome, a newly identified pattern recognition receptor, contains NLRP3, apoptosis-associated speck-like protein (ASC), and procaspase-1 \[[@bb0030]\]. It is highly expressed in liver and participates in the pathogenesis of various liver diseases \[[@bb0035]\]. The function of NLRP3 is tightly controlled by the interaction among its three components. The NLRP3 protein recognizes pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), other exogenous pathogenic agents, or environmental stresses, which lead to conformational changes in the NLRP3 inflammasome. Subsequently, the adapter protein ASC and procaspase-1 are recruited and bind to the caspase recruitment domain of procaspase, thereby activating caspase-1 by autocatalysis and contributes to the production and secretionof mature interleukin-1 beta (IL-1β) and IL-18 \[[@bb0040]\]. Further studies showed that deficiency of thioredoxin-interacting protein (TXNIP), which originally acted as a negative regulator of thioredoxin, impairs the activation of the NLRP3 inflammasome and subsequent secretion of IL-1β \[[@bb0045],[@bb0050]\]. Moreover, the hepatic expression of TXNIP and the interaction between TXNIP and NLRP3 were up-regulated in an ALF mouse model, suggesting that TXNIP-mediated activation of NLRP3 inflammasome is important for ALF \[[@bb0055]\]. Therefore, targeting the TXNIP-NLRP3 inflammasome may be an effective strategy for reducing fulminant hepatitis.

Several studies have shown that MSCs can attenuate collagen-induced arthritis, coxsackievirus B3-induced myocarditis, or ischemia/reperfusion (I/R)-induced renal injury by inhibiting NLRP3 inflammasome activation \[[@bb0060], [@bb0065], [@bb0070]\]. However, whether AMSC-Exo-based therapy can ameliorate ALF and modulate NLRP3 inflammasome is unclear. Lipopolysaccharide and [d]{.smallcaps}-galactosamine (LPS/GalN)-induced liver injury is widely used to simulate ALF \[[@bb0075]\]. The present study aimed to investigate the effects and underlying mechanisms of AMSC-Exo on LPS/GalN-induced ALF.

2. Materials and methods {#s0025}
========================

2.1. Isolation and identification of AMSCs {#s0030}
------------------------------------------

Mice were purchased from Nanjing BioMedical Research Institute of Nanjing University, and all procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Zhejiang University. Inguinal adipose tissues were obtained from C57BL/6J male mice (8--10 weeks old). Tissues were digested with 0.075% collagenase type I (Sigma), washed with PBS, and then cultured in murine MesenCult™ Expansion Kit (Stemcell) containing 2 mM [l]{.smallcaps}-glutamine (Gibco) and 1% antibiotic-antimycotic. Cells were maintained and expanded by 3--6 passages before use. The phenotype profile of AMSCs was evaluated through flow cytometry analysis (BD Accuri® C6 flow cytometer) by using PE-labeled CD29, CD31, CD44, CD45, CD73, CD90.2, CD105, and I-A/I-E (BioLegend) antibodies. PE-labeled IgG1 was used as isotype control. The differentiations of AMSCs to chondrocytes and adipocytes were tested by using StemPro® Chondrogenesis and Cdipogenesis Differentiation Kit (Gibco). Afterward, staining with Oil red O and Alcian Blue was performed to detect adipocytes and chondrocytes, respectively.

2.2. MiRNA inhibitor transfection {#s0035}
---------------------------------

The AMSC-conditioned medium consisted of DMEM supplemented with 10% exosome-depleted FBS (VivaCell). Prior to transfection, 1 × 10^6^ AMSCs were seeded in 10 mL of AMSC-conditioned medium overnight. AMSCs were then transfected with 10 nM of miR-17 inhibitor (RiboBio) or 10 nM of miRNA inhibitor negative control (RiboBio) by using Lipofectamine® RNAiMAX (Thermo Fisher). At 48 h after transfection, AMSC supernatant was harvested for exosome isolation.

2.3. Exosome preparation and harvest {#s0040}
------------------------------------

Exosomes were isolated from the AMSC supernatant by using total exosome isolation reagent (Thermo Fisher) in accordance with the manufacturer\'s instructions. The ultrastructure of exosomes was observed under electron microscopy. Western blot analysis was used to analyze the exosomal surface markers, such as CD63 (1:2000, Abcam) and CD81 (1:2000, Abcam). Precipitates from AMSC supernatant were used as negative control. The protein content of exosomes was determined by using BCA protein assay kit (Pierce). Subsequently, exosome pellets were resuspended in sterile PBS (5 μg/μL).

2.4. Isolation of Kupffer cells (KCs) {#s0045}
-------------------------------------

Mouse non-parenchymal liver cell population was isolated as previously described \[[@bb0080]\]. In brief, the liver was sequentially perfused with two solutions. Solution A was composed of the original solution (136 mM NaCl, 5.3 mM KCl, 0.5 mM NaH~2~PO~4~, 0.4 mM Na~2~HPO~4~, 9.1 mM HEPES, and 4.1 mM NaHCO~3~), 0.5 mM EGTA, and 5 mM [d]{.smallcaps}-glucose. Solution B was composed of the original solution, 0.04% collagenase IV (Thermo Fisher), and 5 mM CaCl~2~. After perfusion, livers were excised and shaken in RPMI 1640 with 0.08% type IV collagenase for 15 min. Perfused liver tissue was gently dispersed in an RPMI 1640 medium containing 2% FBS and centrifuged at 50 ×*g* for 3 min at 4 °C to remove parenchymal cells. For KC isolation, the supernatant was washed twice at 500 ×*g* for 8 min. The collected pellet was resuspended in 30% Percoll, and then layered on a 60% Percoll and centrifuged at 800 ×*g* for 20 min. The interface enriched with KCs was aspirated and washed twice with DMEM. For *in vitro* cell stimulation, the collected cells were seeded into plates. After 30 min, the unattached cells were removed, and the remaining attached cells were primary KCs.

2.5. Incubation of macrophage with AMSC-Exo {#s0050}
-------------------------------------------

To determine the effects of AMSC-Exo on macrophage inflammatory response, we added AMSC-Exo, AMSC-Exo^miR-17-KD^, or AMSC-Exo^miR-ctrl^ to cultured RAW264.7 or primary KCs. One hour later, LPS (100 ng/mL) was added to these cultures for 12 h, and then the supernatants were collected for cytokine measurements by using ELISA. Intracellular TXNIP, NLRP3, pro-Casp1, cleaved-Casp1, IL-18, and IL-1β expression levels were measured by Western blot analysis.

2.6. SiRNA and plasmid transfection {#s0055}
-----------------------------------

SiRNA against TXNIP and scrambled siRNA were purchased from RiboBio and TXNIP overexpression plasmid and control plasmid were constructed by GeneChem. To determine the role of TXNIP in inflammasome activation in macrophages, its siRNA and plasmid were transfected into RAW264.7 cells by using Lipofectamine® 3000 (Thermo Fisher) according to the manufacturer\'s instructions. At 24 h after transfection, the effects of gene silencing and overexpression were measured by Western blot analysis. Inflammasome activation in these cells by LPS treatment was then evaluated by Western blot analysis and ELISA.

2.7. Isolation and detection of miRNA {#s0060}
-------------------------------------

Total RNA enriched with miRNAs was isolated from AMSC-Exo or AMSC-Exo-treated cells by using a miRVana miRNA isolation kit (Thermo Fisher) according to the manufacturer\'s instructions. Complementary DNA was synthesized from the isolated miRNAs by using TaqMan™ mmu-miR-17-specific primers (Thermo Fisher) and TaqMan™ MicroRNA Reverse Transcription Kit (Thermo Fisher). Real-time PCR was then performed following the manufacturer\'s instructions (Thermo Fisher) to examine miR-17 expression. Data were normalized over the average cycle threshold (CT) value of U6, and the 2^−ΔΔCT^ method was used to determine the relative miRNA expression.

2.8. ALF mouse model and AMSC-Exo treatment {#s0065}
-------------------------------------------

Mice (C57BL/6J, aged 5--6 weeks) were intraperitoneally injected with LPS (10 μg/kg, Sigma-Aldrich, St Louis, MO, USA) and D-GalN (400 mg/kg, Sigma-Aldrich) to establish a mouse model of LPS/GalN-induced ALF. AMSC-Exo, AMSC-Exo^miR-17-KD^, and AMSC-Exo^miR-ctrl^ (400 μg total protein in 300 μL volume) (*n* = 6) were administered *via* the tail vein immediately after LPS/GalN injection. In another model of TNF-α/GalN-induced ALF, C57BL/6J mice were intraperitoneally injected with murine recombinant TNF-α (20 μg/kg, Peprotech Inc., Rocky Hill, NJ, USA) and D-GalN (400 mg/kg). AMSC-Exo (400 μg total protein in 300 μL volume) (n = 6) were administered *via* the tail vein immediately after TNF-α/GalN injection. The control group was administered with vehicle alone (n = 6). At 6 h after LPS/GalN or TNF-α/GalN injection, the mice were sacrificed, and serum and liver samples were collected for assessing the extent of liver injury. Serum was evaluated for biochemical parameters. The liver samples were evaluated for histochemistry and Western blot analysis.

2.9. Liver histological and serum biochemical analysis {#s0070}
------------------------------------------------------

Liver tissues were processed for paraffin embedding and were sectioned into 4 μm sections. The sections were then routinely stained with hematoxylin and eosin (H&E staining). The serum levels of alanine aminotransferase aspartate (ALT) and aspartate aminotransferase (AST) were measured by using FUJI DRI-CHEM Slide GFP/ALT-PIII and GOT/AST-PIII, respectively, according to the manufacturer\'s instructions with DRI-CHEM 4000ie (FUJIFILM).

2.10. Cytokine detection by ELISA {#s0075}
---------------------------------

The levels of the following cytokines in supernatants from cell cultures or serum were assayed by commercial ELISA kits following the manufacturer\'s instructions: TNF-α, IFN-γ, IL-1β, IL-6, and IL-18 (MultiSciences, Shanghai, China).

2.11. Western blot analysis {#s0080}
---------------------------

To determine protein expression levels, whole-cell or tissue extracts were lysed with RIPA peptide lysis buffer (Beyotime Biotechnology, Jiangsu, China) containing 1% protease inhibitors (Pierce) and Western blot analysis were performed according to standard procedures. Primary antibodies were used as follows: TXNIP (1:2000, Abcam), NLRP3 (1:1000, Cell Signaling Technology), ASC (1:1000, Abcam), pro-Caspase-1 (1:1000, Abcam), cleaved-Caspase-1 (1:1000, Abcam), IL-1β (1:1000, Abcam), IL-18 (1:1000, Abcam), and GAPDH (1:3000, HuaBio). Protein bands were developed using the enhanced chemiluminescence (ECL) system and were visualized using the ChemiScope Western Blot Imaging System (Clinx Science Instruments Co., Ltd). The gray value assay was performed by using Image J software (Rawak Software, Inc. Germany).

2.12. AMSC-Exo labeling {#s0085}
-----------------------

AMSC-Exo were labeled with a PKH26 Red Fluorescent dye (Sigma-Aldrich), at a dilution of 1:200, according to the manufacturer\'s instructions. Then the red dye-labeled exosomes were injected into mice *via* tail vein and PBS was used as controls; 6--8 h later, the animals were sacrificed and liver tissues were isolated. The liver sample was then embedded in Tissue-Tek™ CRYO-OCT (Fisher Scientific) and processed for 5 μm sections. The KCs in these sections were stained using a green dye Alexa Fluor 488-labeled CD68 (Abcam). Hepatic distribution of the PKH26-labeled AMSC-Exo and their colocalization with KCs were imaged *via* confocal microscopy (Olympus, Center Valley, PA, USA).

2.13. Statistical analysis {#s0090}
--------------------------

Differences between groups were analyzed using conventional Student\'s *t*-test or ANOVA. Each experiment was repeated at least three times, and the data are presented as mean ± SD. Statistical significance was considered at P \< .05.

3. Results {#s0095}
==========

3.1. Identification of AMSCs and AMSC-Exo {#s0100}
-----------------------------------------

AMSCs presented a homogeneous population of spindle fibroblast-like cells. They positively expressed CD29, CD44, CD73, CD90.2, and CD105 and negatively expressed CD31, CD45, and I-A/I-E ([Fig. 1](#f0005){ref-type="fig"}a). Positive staining of Oil red O or Alcian Blue was observed after adipogenic induction of AMSCs for 14 days ([Fig. 1](#f0005){ref-type="fig"}b) or chondrogenic induction for 28 days, respectively ([Fig. 1](#f0005){ref-type="fig"}c).Fig. 1Characterization of AMSCs and AMSC-Exo.(a) Flow cytometry analysis of AMSC phenotypes. (b) Oil Red O staining of AMSCs cultured in adipogenesis differentiation medium for 14 days. Scale bar: 50 μm. (c) Alcian Blue staining of AMSCs cultured in chondrogenesis differentiation medium for 21 days. Scale bar: 50 μm. (d) Electron microscopy image of AMSC-Exo. (e) Western blot analysis for CD63 and CD81 expression in AMSC-Exo.Fig. 1

Exosomes were isolated from AMSC culture supernatant. By transmission electron microscopy, we found AMSC-Exo as 40--100 nm microvesicles ([Fig. 1](#f0005){ref-type="fig"}d). Western blot analysis also showed that they expressed exosomal markers, such as CD63 and CD81 ([Fig. 1](#f0005){ref-type="fig"}e).

3.2. LPS/D-GalN-induced fulminant hepatitis is ameliorated by administration of AMSC-Exo {#s0105}
----------------------------------------------------------------------------------------

Next, we determined the therapeutic efficacy of AMSC-Exo in LPS/D-GalN-induced ALF mouse model. The elevation of serum ALT and AST levels ([Fig. 2](#f0010){ref-type="fig"}a) and elevated serum inflammatory cytokine concentrations, such as TNF-α, IFN-γ, IL-1β, IL-6, and IL-18 ([Fig. 2](#f0010){ref-type="fig"}b), in LPS/D-GalN-injected mice were significantly reduced by AMSC-Exo treatment (*n* = 6) compared with vehicle-treated mice (n = 6) at 6 h after LPS/D-GalN injection. Histopathological analysis also showed an almost normal appearance with no necrosis in the liver of AMSC-Exo administration group ([Fig. 2](#f0010){ref-type="fig"}c), indicating that LPS/D-GalN-induced hepatitis was markedly ameliorated by AMSC-Exo treatment.Fig. 2AMSC-Exo administration ameliorates LPS/D-GalN-induced liver failure.(a and b) Serum levels of ALT, AST, and inflammatory cytokines were elevated by LPS/D-GalN injection (Vehicle group) and significantly decreased by treatment with AMSC-Exo. Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*\*p \< .01, n = 6). (c) Pathological changes in the liver tissue were shown using H&E staining. Scale bar: 100 μm. N.C., normal control.Fig. 2

3.3. AMSC-Exo treatment reduces NLRP3 inflammasome activation in macrophages {#s0110}
----------------------------------------------------------------------------

The activation of NLRP3 inflammasome plays an important role in ALF \[[@bb0035]\]. Therefore, we investigated whether AMSC-Exo-based therapy has an effect on NLRP3 inflammasome activation. As shown in [Fig. 3](#f0015){ref-type="fig"}a and b, the upregulated protein expressions of TXNIP, NLRP3, ASC, pro-Casp1, cleaved-Casp1, IL-18, and IL-1β in the liver by LPS/D-GalN exposure were significantly decreased in AMSC-Exo-treated group compared with those in the vehicle-treated group. The reduced activation of hepatic inflammasome was consistent with the decreased serum levels of IL-1β and IL-18 as mentioned above ([Fig. 2](#f0010){ref-type="fig"}b).Fig. 3AMSC-Exo reduce NLRP3 inflammasome activation in macrophages.(a--d) Western blot analysis and gray value assay on expression levels of inflammasome-associated protein in murine liver samples (a and b, n = 6, 3 from 6 samples were shown in a) and macrophages (c and d, n = 3). (e) IL-1β and IL-18 secretion levels from macrophages by LPS exposure were measured by ELISA. (f) PKH26-labeled AMSC-Exo were colocalized with CD68-positive Kupffer cells. Scale bar: 30 μm. Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*p \< .05, \*\*p \< .01). N.C., normal control.Fig. 3

The effect of AMSC-Exo on inflammasome inhibition was also confirmed in another model of ALF. As shown in [Fig. 4](#f0020){ref-type="fig"}, AMSC-Exo administration could ameliorate GalN/TNF-α-induced ALF through downregulating the expression levels of inflammasome-related genes in murine liver tissue.Fig. 4AMSC-Exo administration ameliorates TNF-α/GalN-induced ALF by inhibiting hepatic inflammasome activation.(a) Serum ALT and AST levels were elevated by TNF-α/GalN injection (Vehicle group) and significantly decreased by treatment with AMSC-Exo. (b) Serum levels of IL-1β and IL-18 were measured by ELISA. (c) Pathological changes in the liver tissue were shown using H&E staining. Scale bar: 100 μm. (d and e) Western blot analysis (d) and gray value assay (e) on the expression levels of inflammasome-associated proteins in murine liver samples. Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*p \< .05, \*\*p \< .01, n = 6). N.C., normal control.Fig. 4

As NLRP3 inflammasome is reported to mainly be expressed in macrophages \[[@bb0085],[@bb0090]\], we further investigated the effects of AMSC-Exo on inflammasome activation by adding AMSC-Exo to LPS-primed mouse macrophage cell line, RAW264.7, or primary hepatic macrophage, KCs. As shown in [Fig. 3](#f0015){ref-type="fig"}c and d, the NLRP3 inflammasome activation, indicated by cleaved-Casp1, IL-1β, and IL-18 expression, was markedly suppressed in macrophages by AMSC-Exo treatment as assessed by Western blot analysis. Also, the IL-1β and IL-18 secretion from macrophages was reduced by AMSC-Exo treatment ([Fig. 3](#f0015){ref-type="fig"}e). Moreover, the red dye PHK26-labeled AMSC-Exo was shown to be colocalized with CD68-positive KCs by *i.v.* injection, further suggesting that AMSC-Exo can target macrophages and then modulate their function ([Fig. 3](#f0015){ref-type="fig"}f).

Together, these data indicate that AMSC-Exo alleviates LPS/GalN-induced hepatitis by inhibiting NLRP3 inflammasome activation in macrophages.

3.4. MiR-17-containing AMSC-Exo reduce inflammasome activation by targeting TXNIP {#s0115}
---------------------------------------------------------------------------------

Our previous studies showed that AMSC-Exo exhibit a therapeutic efficacy by mediating miRNA transmission \[[@bb0025],[@bb0095]\]. As the miR-223 and miR-17 family, including miR-17 and miR-20a, have been reported to target NLRP3 and TXNIP \[[@bb0100], [@bb0105], [@bb0110]\], respectively, we then analyzed the expressions of these miRNAs in AMSC-Exo. In contrast to the low level of miR-223, AMSC-Exo contained high levels of miR-17 family miRNAs, especially miR-17 ([Fig. 5](#f0025){ref-type="fig"}a). Further study showed that by incubating with AMSC-Exo, the TXNIP expression was downregulated corresponding to the increased miR-17 level in RAW264.7 cells as those by miR-17 transfection ([Fig. 5](#f0025){ref-type="fig"}b and c), indicating that miR-17-mediated TXNIP inhibition may participate in the therapeutic mechanism of AMSC-Exo treatment.Fig. 5AMSC-Exo suppress inflammasome activation by miR-17-mediated TXNIP inhibition.(a) qPCR detection of miR-223 and miR-17 family miRNAs (miR-17, miR-20a/b, miR-93, miR-106a/b) relative expression levels in AMSC-Exo (a, compared with miR-223; b, compared with miR-17). (b and c) qPCR detection of miR-17 (b) and Western blot analysis of TXNIP (c) expression levels in RAW264.7 cells treated with AMSC-Exo or transfected with miR-17 or control miRNA (miR-ctrl). U.T, untreated. (d and e) IL-1β and IL-18 secretion levels of LPS-stimulated RAW264.7 cells were measured by ELISA (*ns*, nonsense). (f--i) Protein levels of TXNIP, cleaved-Casp1, IL-1β, and IL-18 in LPS-stimulated RAW264.7 cells were measured by Western blot analysis (f and g) and then quantified by gray value assay (h and i). Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*p \< .05, \*\*p \< .01, *n* = 3). pCtrl, transfection with a control vector; pTXNIP, transfection with a TXNIP overexpression plasmid; AMSC-Exo^miR-17-KD^, miR-17-knock down AMSC-Exo.Fig. 5

TXNIP is known as a key player in the activation of NLRP3-inflammasome and we also confirmed that the changes of TXNIP expression could affect NLRP3 inflammasome activation in macrophages ([Fig. 6](#f0030){ref-type="fig"}). To determine whether AMSC-Exo suppresses inflammasome activation by decreasing TXNIP level, we transduced either a control vector or a TXNIP overexpression plasmid into RAW264.7 cells combined with AMSC-Exo treatment. We found that the restoration of TXNIP reversed the inhibitory effects of AMSC-Exo on inflammasome activation in LPS-primed RAW264.7 cells ([Fig. 5](#f0025){ref-type="fig"}d, f and h). To further confirm whether the inhibitory effect of AMSC-Exo on inflammasome activation is caused by miR-17, AMSCs were transfected with miR-17 inhibitor or scrambled-miRNA inhibitor for producing the miR-17-knock down AMSC-Exo, AMSC-Exo^miR-17-KD^, and the control exosomes, AMSC-Exo^miR-ctrl^, respectively. As we expected, AMSC-Exo^miR-17-KD^ could not effectively suppress the inflammasome activation in LPS-primed RAW264.7 cells as determined by the expressions of TXNIP, cleaved-Casp1, IL-1β, and IL-18 and the secretions of IL-1β and IL-18. However, the inhibition effect of AMSC-Exo^miR-ctrl^ treatment on inflammasome activation was equivalent to that of naïve AMSC-Exo treatment ([Fig. 5](#f0025){ref-type="fig"}e, g and i).Fig. 6Change of TXNIP expression affects NLRP3 inflammasome activation in macrophages.(a and b) Western blot analysis (a) and gray value assay (b) on expression levels of TXNIP, cleaved-Casp1, IL-1β, and IL-18 in LPS-stimulated RAW264.7 cells transfected by TXNIP siRNA (si-TXNIP), overexpression plasmid (pTXNIP), or corresponding controls (si-Ctrl and pCtrl). (c) IL-1β and IL-18 secretion levels of these cells were measured by ELISA. Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*p \< .05, \*\*p \< .01, n = 3).Fig. 6

Subsequent *in vivo* study also confirmed the above results as the therapeutic effects of AMSC-Exo on ALF were partly abolished by introducing miR-17 inhibitor. As shown in [Fig. 7](#f0035){ref-type="fig"}a--c, the pathologic alteration and the upregulated serum ALT, AST, and inflammatory cytokines induced by LPS/D-GalN could not be effectively attenuated by AMSC-Exo^miR-17-KD^ administration. In addition, the upregulated hepatic expression levels of TXNIP, NLRP3, ASC, cleaved-Casp1, IL-1β and IL-18 were not reduced obviously in the AMSC-Exo^miR-17-KD^ administration group as compared to those in the AMSC-Exo^miR-ctrl^ administration group ([Fig. 7](#f0035){ref-type="fig"}d and e). These data suggest that miR-17-mediated TXNIP inhibition is partly involved in the reduction of NLRP3 inflammasome activation in macrophages by AMSC-Exo treatment.Fig. 7Therapeutic effects of AMSC-Exo on ALF are partly abolished by introducing miR-17 inhibitor.(a) Inhibitor-mediated miR-17 knock-down weakened AMSC-Exo (AMSC-Exo^miR-17-KD^) efficacy in decreasing serum ALT and AST levels compared with AMSC-Exo^miR-ctrl^. (b) Pathological changes in the liver tissue were shown by H&E staining. Scale bar: 100 μm. (c) Serum levels of inflammatory cytokines were measured by ELISA. (d and e) Protein levels of TXNIP, NLRP3, ASC, cleaved-Casp1, IL-1β, and IL-18 in murine liver samples were measured by Western blot analysis (d) and then quantified by gray value assay (e). Data are presented as mean ± SD (Statistical analysis was performed by Student\'s *t*-test, \*p \< .05, \*\*p \< .01, *ns*: nonsense, *n* = 6, 3 from 6 samples were shown in d). N.C., normal control.Fig. 7

4. Discussion {#s0120}
=============

MSC derived exosomes have yielded beneficial effects in several experimental models of organ injury \[[@bb0115],[@bb0120]\]. Recently, the therapeutic effects of exosomes from bone marrow-, chorionic plate-, umbilical cord-, or induced pluripotent stem cell-derived MSCs have been reported in a variety of animal models of liver disease, including concanavalin A or acetaminophen-induced acute liver injury, CCl~4~-induced liver fibrosis, liver antigen S100-induced autoimmune hepatitis, or I/R-induced hepatic injury \[[@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150]\]. Our previous studies also showed that the exosomes produced by miR-122-modified AMSCs can alleviate liver fibrosis and enhance hepatocellular carcinoma chemosensitivity *via* exosome-mediated miR-122 delivery \[[@bb0025],[@bb0095]\]. Thus administration of MSC-derived exosomes may represent as an ideal cell-free therapy for liver diseases. In this study we investigated the effects and underlying mechanisms of AMSC-Exo on LPS/D-GalN-induced ALF. We found that AMSC-Exo exerted protective effects against ALF by reducing NLRP3 inflammasome activation in macrophages through miR-17-mediated TXNIP inhibition.

Inflammasome activation has been studied in human and experimental ALF and has been identified as a major contributor to hepatocyte damage and immune cell activation and amplification in fulminant hepatitis \[[@bb0035]\]. Its activation uniquely occurs in two steps. The first step is the activation of TLRs by different molecules DAMPs and PAMPs. TLRs are expressed in a variety of hepatic parenchymal cells and nonparenchymal cells, such as hepatocytes and KCs. TLR activation, in turn, up-regulates the transcriptions of inflammasome-related components, including NLRP3, pro-IL-1β, and pro-IL-18. The second step of inflammasome activation is the oligomerization of NLRP3 and subsequent assembly of NLRP3, ASC, and procaspase-1 into a complex. This triggers the transformation of procaspase-1 to caspase-1, which leads to the proteolytical maturation and secretion of inflammatory cytokines IL-1β and IL-18 \[[@bb0155]\]. Our results showed that *i.v.* administration of AMSC-Exo significantly suppressed LPS/GalN- or TNF-α/GalN-induced inflammasome activation, which was determined by the hepatic expression levels of NLRP3, ASC, and cleaved-caspase-1 and the serum levels of IL-1β and IL-18. These results support that the inhibition of hepatic inflammasome activation contributes to the observed therapeutic effects of AMSC-Exo against ALF.

KCs, as a subgroup of macrophages that residents in the liver, play a pivotal role in modulating hepatic immune microenvironment and inflammatory response in ALF \[[@bb0160]\]. At the onset of ALF, KCs are activated and its TLR4 expression are upregulated by binding with LPS. This activation induces multiple cellular signaling pathways, such as NF-κB, mitogen-activated protein kinase, p38, and c-jun N-terminal kinase, and then triggers the activation of NLRP3 inflammasome to produce a large amount of pro-inflammatory cytokines, such as IL-18 and IL-1β \[[@bb0165]\]. The imbalance of pro-inflammatory and anti-inflammatory cytokines finally causes the uncontrolled inflammatory action and facilitates the progression of ALF. Thus, the inhibition of abnormal activated macrophages and its inflammasome activation may be an effective strategy for ALF prevention and treatment. Our *in vitro* studies further showed that AMSC-Exo could successfully decrease the upregulated expression levels of NLRP3, cleaved-Casp1, IL-1β, and IL-18 in Raw264.7 cells and primary KCs and reduce the IL-1β and IL-18 secretion from these macrophages by LPS-exposure. These *in vitro* data combined with the observed effects of AMSC-Exo *in vivo* suggest that AMSC-Exo can be used as a potential therapeutic strategy for ALF by inhibiting NLRP3 inflammasome activation in macrophages. The colocalization of PHK26-labeled AMSC-Exo with CD68-positive KCs by *i.v.* administration further supported that the protection of AMSC-Exo against ALF is associated with exosome-mediated functional regulation of macrophage.

It is well known that exosome can act as an intercellular communication vehicle by delivering its contents between cells for modulating or mediating cellular processes \[[@bb0170]\]. Similar to exosomes in general, MSC-derived exosomes carry complex cargo, including nucleic acids, proteins, and lipids. Through microarray analysis, \>150 miRNAs have been identified in the cargo of MSC-derived exosomes and it is various among the MSCs from different sources \[[@bb0175],[@bb0180]\]. Chorionic plate-derived MSCs were shown to promote liver regeneration through miR-125b-mediated regulation of Hh signaling and bone marrow-derived MSCs were shown to increase myocardial contractility through exosomal miR-223-mediated modulation of calcium handling gene expression \[[@bb0135],[@bb0185]\]. Thus, we speculated that the inhibitory action of AMSC-Exo on inflammasome activation may also due to exosome-mediated miRNA shuttling. MiR-223 is the most widely reported miRNA that regulates inflammasome activation by targeting the 3′-UTR of NLRP3 mRNA. It was shown that miR-223 is highly expressed in BMSC-derived exosomes, and miR-223-containing exosomes can protect against experimental autoimmune hepatitis *via* miR-223-mediated downregulation of NLRP3 in hepatocytes \[[@bb0145]\]. However, miR-223 is almost undetectable in AMSC-Exo, which may be related to its expression mainly confined to myeloid cells, whereas AMSC-Exo containes high levels of miR-17 family miRNAs, especially miR-17. As miR-17 has been reported to target TXNIP \[[@bb0105]\], which plays an essential role in the activation of the NLRP3-inflammasome \[[@bb0050],[@bb0190]\], we hypothesized that the inhibitory effect of AMSC-Exo on inflammasome activation may be caused by exosome-mediated miR-17 shuttling. The subsequent result of miR-17 upregulation in macrophages by incubation with AMSC-Exo supported this speculation. Moreover, the therapeutic effects of the exosomes derived from miR-17 inhibitor-transfected AMSCs on ALF were partly abolished, and AMSC-Exo^miR-17-KD^ could not effectively suppress TXNIP expression and consequent inflammasome activation *in vitro* and *in vivo* compared with AMSC-Exo^miR-ctrl^. This finding further indicates that the reduction of NLRP3 inflammasome activation by AMSC-Exo treatment is partly dependent on miR-17-mediated TXNIP inhibition.

In conclusion, the present study showed that AMSC-Exo can ameliorate LPS/GalN-induced ALF by reducing NLRP3 inflammasome activation in macrophages. Exosome-mediated miR-17 shuttling is involved in the therapeutic effects of AMSC-Exo against ALF by targeting TXNIP and consequent NLRP3 inflammasome blockage. This study provides novel insights into MSC-Exo-based therapy and its potential mechanism. Administration of AMSC-Exo may present as a novel therapeutic strategy for preventing fulminant hepatitis, as well as other TXNIP/NLRP3 inflammasome-related inflammatory liver diseases.
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